Acetone-dried cells of Escherichia coli with an enhanced level of biodegradative L-threonine deaminase (EC 4,2.1.16) were easily and tightly immobilized to. the inner surface of glass tubes by use of an emulsion-type of photo-crosslinkable resin prepolymer. A continuous flow system equipped with the microbial cell tube thus prepared was proved to be applicable for assay of lthreonine or L-serine in fermentation broth with rapidity (each assay, less than 9min), excellent substrate specificity (specific for L-threonine and L-serine) and high stability over repeated assays (at least 60 assays).
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Immobilized biocatalysts, such as enzymes, microbial cells and cellular organelles, seem to be useful for continuous monitoring of the metabolites in culture broths during fermentation because of their high sensitivity and substrate specificity. For example, the levels of penicillin1} and cephalosporin2) in fermentation broths have been measured with enzyme electrodes and microbial electrodes. In the previous papers from this laboratory, we have reported the application of glutamate decarboxylase3) and lysine decarboxylase, 4) immobilized with an emulsion-type of photocrosslinkable resin prepolymer on the inner surface of glass tubes, for the automated analyses of L-glutamate and L-lysine, respectively. This prepolymer method was found to be useful for the preparation of microbial cell tubes as well as enzyme tubes.
The present paper deals with the application of immobilized microbial cell tubes for automated measurement of the fermentation product in a continuous analysis system. The
Escherichia coli tube, having the activity of l- injected at the top of each silanized glass tube to form a thin layer of the cell-containing prepolymer on the inner surface of the tube. Each tube was illuminated with nearUVlight for 5~lOmin under nitrogen. The surface of the cell-containing resin thus formed was coated twice with the sameresin without the cells. Theresulting tubes were used for the analysis of L-threonine after washing with 100mMpotassium phosphate buffer, pH 7.0, or stored at 4°C when not in use. A postulated structure of the immobilized cell tube is illustrated in Fig. 1 . The sample with or without AMP, air, color reagent, 100mMpotassium phosphate buffer, pH 7.0, and 2n NaOHsolution were pumped at flow rates of 0.8, 1.6, 1.2, 2.5 and 1.6 ml/min, respectively. weight) were washed twice with lOOmM potassium phosphate buffer, pH 7.0, and incubated for 2.5 hr at 37°C with shaking (220 rpm) in an induction medium consisting of5 mmol ofL-threonine, 5 mmol ofL-serine, 1.0g of yeast extract and O.lg of casamino acid in 100ml of 50mM potassium phosphate buffer, pH 7.0, to induce degradative L-threonine deaminase. Cells were harvested by centrifugation (5,000 rpm for 10 min) and washed twice with 100mMpotassium phosphate buffer, pH 7.0. Acetonedried cells were prepared by the usual method. These cells (the enzyme activity, 0.1 /miol-min^mg powder 2) could be stored at -20°C for several weeks without noticeable loss of the enzyme activity.
(B) Cultivation ofCorynebacterium glutamicumfor the fermentation of L-threonine. Corynebacterium glutamicum ATCC 21587 was cultivated to obtain the fermentation broth containing L-threonine. The seed and fermentation mediaused for the L-threonine production were the same as reported by Kase and Nakayama.6) After cultivation for 48hr at 30°C with shaking (220 rpm), 10ml of the seed culture was transferred into 100ml of the fermentation medium, and the cultivation was continued for 5 days at 30°C with shaking. The culture supernatant obtained by centrifugation was treated with activated charcoal, diluted with deionized water and adjusted to pH7.0. L-Threonine in this diluted supernatant was assayed with the microbial cell tube system. Analysis of L-threonine. L-Threonine contents in the diluted supernatants were determined automatically using a Technichon Auto-Analyzer I equipped with the immobilized E. coli tube. The flow diagram is shown in Fig. 2 , which is essentially the same as described previously.3A) lThreonine deaminase in E. coli cells degrades L-threonine into a-ketobutyrate and ammonia. Therefore, the concentration of L-threonine is proportional to the increase in the absorbance at 505nmdue to the hydrazone formed from a-ketobutyrate and 2,4-dinitrophenyl hydrazine.
Measurements without the microbial cell tube served as a control. All the experiments, except for the pH-activity profile, were carried out in the continuous flow system, and the flow rates of the different solutions in the continuous system were optimized as shown in Fig. 2 to obtain sharp response curves. The activity on L-serine was similarly assayed by the same method measuring the absorbance of the hydrazone of pyruvate. The analysis with the free cells was carried out in a batchwise operation. The absorbance of the reaction supernatant was measured after removing the cells by centrifugation. Co.) and other reagents used in this study were all from commercial sources. All chemicals were of reagent grade.
-t r 1 r--- L-Threonine deaminase in the microbial cell tubes showed in a batch system a relatively broad pH optimum in the range of 7.5~9.5, similar to that of the enzyme in the free cells. However, the subsequent experiments were carried out at pH 7.0 to avoid high blank values caused by a certain substances in the assay samples at alkaline pHand to keep the enzymestable.
Although the optimum reaction temperature for the microbial cell tubes was 40°C and the heat stability of the enzyme was significantly improved by immobilization, the assays were done at 30°C to protect the enzyme from inactivation. the concentration of L-threonine in fermentation broths usually reaches about 150niM.
Effect of AMP L-Threonine deaminase was markedly activated by AMP, and the degree of the activation was dependent on the concentration of AMP.The maximumactivity of the enzyme in the microbial cell tubes was obtained at over 5mMAMPin the assay mixtures. Therefore, lOmMAMPwas routinely added to the assay mixtures in the subsequent experiments. In addition to the activation of the enzyme, AMP protected the enzyme from inactivation. As shown in Fig. 4 , the enzyme in the microbial cell tube was rather stable on repeated assays of L-threonine in the presence of 10mMAMP.
Conversely, when assays were carried out without AMP {e.g., after every five assays with AMPthe assays were continued for five times in the absence of AMP), the microbial cell tube gradually lost the enzyme activity, which was not reactivated fully by the addition of 10mMAMP.
Substrate specificity The microbial cell tubes showed an activity toward L-threonine and L-serine, but not toward any other L-amino acid tested (Table I) . Although D-serine was found to be a substrate, this amino acid is not considered to be a contaminant in the fermentative production of L-threonine. These results indicate that the immobilized E. coli tubes are applicable to the assays of L-threonine or L-serine in fermentation broths.
Standard calibration curves Figure 5 shows the relationship of the lthreonine concentration to the peak patterns in the automated assays of L-threonine. Under the conditions employed, each assay could be done within 9 min depending upon concentration of the substrate. An approximately linear relationship between response and concentration exists up to 80mM L-threonine or lserine with a 5-cm microbial cell tube (Fig. 6) . The lower limit of detection was about 1 mM, when a 15-cm microbial cell tube was used. The upper limit of accurate analysis is usually in the range of90 to 100 mM.The measurement of such high concentrations of L-threonine or L-serine is rendered possible by the high Km values of the microbial cell tubes.
Stability of the microbial cell tube Figure 7 shows the repeated analyses of lthreonine. The assays were carried out with successive changes in the concentrations of lthreonine (25, 10 and 5 mM). The microbial cell tube was stable over about 60 assays for 9hr. The calibration curves were obtained with a 5-cm microbial cell tube system (O) and a 15-cm microbial cell tube system (#), respectively. The results presented here indicate that the immobilized E. coli tubes in an automated flow system are very useful for determining the concentration of L-threonine or L-serine in fermentation broths.
